Abstract: Exchange coupling between two magnetic layers through an interlayer is of broad interest for numerous recent applications of nano-magnetic systems. In this Letter we study ferromagnetic exchange coupling through amorphous paramagnetic Fe-Ta alloys. We show that the exchange coupling depends exponentially on spacer thickness and scales with the Fe-Ta susceptibility, which can be tuned via the alloy composition and/or temperature. Such materials are of high interest for the engineering of perpendicularly magnetized CoFeB-MgO based tunnel junctions as it enables ferromagnetic coupling of magnetic layers with differing crystalline lattices, suppresses dead layers and can act as an inter-diffusion barrier during annealing.
I. Introduction
Controlled magnetic interlayer coupling has enabled a broad range of new magnetic nanotechnologies. The study of antiferromagnetic (AF) coupling was closely related to the discovery of giant magnetoresistance [1, 2] . Synthetic antiferromagnets(SAF), which are made up of two AF-coupled ferromagnetic layers, are used as the reference layers in magnetoresistance field sensors in hard disk drives [3] and magneto-resistance random access memories (MRAM) [4] . AF-coupled layers are also used for free layers in field-written MRAM devices [5] , as longitudinal recording media [6] [7] [8] and as soft underlayers for perpendicular magnetic recording media [9] . More recently ferromagnetic interlayer coupling has emerged as a way to tune the properties of magnetic devices. Ferromagnetic coupling provides a pathway to engineer incoherent magnetic reversal that allows a reduction of the magnetic field required to write magnetic recording media and further allows control of inter-granular exchange [8, [10] [11] [12] . A similar approach has been proposed to lower the write current in spin-transfer-torque (STT) MRAM devices [13] and to tune the operating frequencies of planar microwave [14] and spintorque devices [15] .
In this letter we detail the strong and tunable ferromagnetic interlayer coupling across amorphous paramagnetic Fe-Ta alloys. For Fe contents less than 90 at.% Fe-Ta alloys are amorphous and paramagnetic at room temperature [16] . Such materials may be particularly useful in optimizing perpendicular magnetic anisotropy (PMA)STT-MRAM devices. For example, a thin CoFeB layer exchange-coupled with a magnetically hard layer (e.g. Co/Pd multilayers) has been widely used for reference layers [17] . When the hard layer has a different crystal asymmetry from the preferred bcc(001) texture in the CoFeB layer, a spacer layer can be inserted between them to prevent the crystallographic template effect and/or atomic interdiffusion from the hard layer. Currently the insertion of a Ta layer between the magnetic hard layer and CoFeB is being pursued [18] . However the possible thickness of the inserted Ta layer is limited since strong ferromagnetic coupling is only observed up to 1-2 atomic monolayers [19] . An appropriate amorphous spacer layer should enable the CoFeB layer to crystallize in the proper bcc(001) structure and thereby enhance tunneling magnetoresistance across a MgO tunnel barrier. It should also be able to act as a diffusion barrier during annealing and be designed to limit dead layers when in proximity to CoFeB. While weak AF-coupling has been previously observed in non-magnetic amorphous metallic spacer layers [20] , we show that much stronger ferromagnetic coupling can be obtained using amorphous Fe-Ta alloys enabling the use of a thicker spacerlayer. A similar approach has been used in perpendicular recording media where crystalline Co-Ru alloy spacer layers allow the ferromagnetic coupling to be tuned [12] .
II. Experimental details
To study the exchange coupling through Fe-Ta alloy spacers we used a model system consisting of a magnetically soft PMA layer coupled to a PMA SAF structure (shown schematically in Figure 1a shows the out-of-plane major and minor hysteresis loops for the Co/Pd SAFbased model system with different Ta-spacer thicknesses at room temperature. The coupling strength across the Ta spacer was determined from the shift of the minor loop of the soft layer (inset of Fig. 1a) . The coupling field decreases exponentially with increasing Ta thickness (Fig.   1b) and decoupling of the softlayer from the SAF is observed for Ta-thicknesses slightly above one atomic monolayer. The strong reduction of exchange coupling through 1-2 atomic monolayers of Ta is consistent with previous observations [19] .
III. Results and discussions
Using Fe x Ta 1-x alloys instead of pure Ta allows tuning of the coupling field and critical thicknesses for decoupling (Fig.1b) . Both increase with increasing Fe content. We fit the coupling field data at room temperature for each Fe-Ta composition to an exponential form:
where γ is the decay of the exchange field with thickness t and H 0 represents the coupling strength in the hypothetical case of an insertion layer with zero thickness. We find that γ decreases with increasing Fe content x and is directly linked to the susceptibility χ of the Fe-Ta alloys (Fig.1c) . From Fig.1d , one can see that higher susceptibility leads to stronger exchange coupling for comparable spacer thicknesses and thus to smaller decay rates of the exchange field.
To further explore the correlation of exchange coupling with susceptibility we measured hysteresisloops at different temperatures for 2.1 and 2.6-nm Fe 75 Ta 25 (Fig.2 a-b) was measured. Both χ and coupling field increase with decreasing temperature. If 1/χ is plotted as a function of temperature a Curie-Weiss behavior is observed (Fig.2c) . The deduced Curie Temperature T C for Fe 75 Ta 25 is 75K, whereas it is -20K for Fe 60 Ta 40 , meaning that ferromagnetic order cannot be obtained for a Fe 60 Ta 40 alloy even at low temperature. In Fig.2d the exchange field is plotted for all three samples as a function of susceptibility (tuned via the temperature). Increasing susceptibility leads to enhanced exchange coupling as expected. The coupling strength scales roughly with the logarithm of the susceptibility. We do not have a quantitative model relating the coupling strength and susceptibility, however previous calculations of ferromagnetic/paramagnetic multilayers showed that the induced magnetic order in the paramagnetic layer falls off quickly from the interface and is strongly temperature dependent, in agreement with our findings [21] .
As discussed above, one application for an amorphous coupling layer is to couple a highanisotropy magnetic layer to a CoFeB layer to act as a reference layer for PMA STT-MRAM. nominal CoFeB thickness in all the samples. The minimum thickness of CoFeB which is needed in order to observe magnetic moment in the case of Ta is commonly interpreted as a magnetic dead layer at the CoFeB/Ta interfaces [22] . The magnetic dead layer thickness is extracted from the x-intercept values. For a pure Ta spacer, the total magnetic dead layer for each CoFeB layer sandwiched by Ta was 1.3 nm (i.e. 0.65 nm per CoFeB-Ta interface), which persists even at 75 K. We find the magnetic dead layer decreases with increasing Fe content in the Fe-Ta layers and disappears for an Fe content of 75at.% at room temperature (Fig.3a) . For higher Fe content and low temperature we observe a negative x-intercept. This is interpreted as an induced moment in the Fe-Ta spacer by CoFeB at low temperatures which is often seen in Co/Pd and Co/Pt multilayers [23] . In Fig. 3c this induced moment for Fe 75 Ta 25 is expressed in units of CoFeB thickness similar to a magnetic dead layer. In Fig. 3d the anisotropy field of CoFeB/Fe x Ta 1-x that is estimated from the saturation of the magnetization in an out-of-plane magnetic field is shown.
The values are negative indicating that that anisotropy is dominated by shape anisotropy. 
IV. Conclusion
We have shown that the magnetic exchange coupling through amorphous Fe-Ta alloys can be tuned via the magnetic susceptibility which depends on Fe content and the temperature. Such alloys are of high interest for engineering magnetic devices such as PMA tunnel junctions since they allow ferromagnetic coupling of magnetic layers with differing crystalline symmetry.
Furthermore these layers suppress magnetic dead layers and also act as anti-diffusion barrier between hard magnetic materials and the CoFeB/MgO system during subsequent annealing processes. These properties make Fe-Ta alloy spacers superior to Ta spacers since magnetic coupling can be conserved for thicknesses which are at least 5-6 times larger than in the case of pure Ta. While we studied amorphous and paramagnetic Fe-Ta alloys, there is a large set of amorphous binary Fe, Co and Ni alloys with transition metals such as Ta, W, Zr etc. for which the onset of magnetic order depends on the alloy concentration and temperature [24] [25] [26] . This allows choosing chemically adapted alloys to block interdiffusion between specific materials while coupling them magnetically. 
